The mechanical output of a muscle may be characterised by having distinct functional behaviours, 28 which can shift to satisfy the varying demands of movement, and may vary relative to a proximo-distal 29 gradient in the muscle-tendon architecture (MTU) among lower-limb muscles in humans and other 30 terrestrial vertebrates. We adapted a previous joint-level approach to develop a muscle-specific index-31 based approach to characterise the functional behaviours of human lower-limb muscles during 32 movement tasks. Using muscle mechanical power and work outputs derived from experimental data 33 and computational simulations of human walking and running, our index-based approach differentiated 34 
23
Word count (Introduction to Discussion): 2213 24
Figures: 3 25
Tables: 0 26
Abstract 27
The mechanical output of a muscle may be characterised by having distinct functional behaviours, 28 which can shift to satisfy the varying demands of movement, and may vary relative to a proximo-distal 29 gradient in the muscle-tendon architecture (MTU) among lower-limb muscles in humans and other 30 terrestrial vertebrates. We adapted a previous joint-level approach to develop a muscle-specific index-31 based approach to characterise the functional behaviours of human lower-limb muscles during 32 movement tasks. Using muscle mechanical power and work outputs derived from experimental data 33 and computational simulations of human walking and running, our index-based approach differentiated 34 known distinct functional behaviours with varying mechanical demands, such as greater spring-like 35 function during running compared with walking; with anatomical location, such as greater motor-like 36 function in proximal compared with the distal lower-limb muscles; and with MTU architecture, such as 37 greater strut-like muscles fibre function compared with the MTU in the ankle plantarflexors. The 38 functional indices developed in this study provide distinct quantitative measures of muscle function in 39 the human lower-limb muscles during dynamic movement tasks, which may be beneficial towards 40 tuning the design and control strategies of physiologically-inspired robotic and assistive devices. 41
Introduction 43
Muscles generate force and do work to produce body movement. Muscles often contract to generate 44 positive mechanical work and power. However, muscles may also contract isometrically or absorb 45 energy, performing a range of functions across movement tasks and species (Dickinson et al., 2000) . 46
These functions can be characterised into four distinct behaviours: (1) a motor that generates positive 47 work; (2) a spring that stores and recovers elastic strain energy; (3) a strut that generates significant 48 force with minimal length change; and (4) a damper that lengthens to absorb energy. These functions 49 depend on a range of factors, from interactions between the external environment and the body to the 50 intrinsic properties of the muscle (Biewener, 2016 (Biewener, 2016) , where more distal muscles have been shown to exhibit 55 strut-like, quasi-isometric muscle fibre behaviour favouring force development and spring-like storage 56 of elastic strain energy in humans (e.g. Lai et al., 2015) , wallabies , and turkeys 57
Roberts et al., 1997). In contrast, more proximal muscles generally favour work modulation (Biewener, 58 1998; Biewener and Daley, 2007) . 59
Despite our understanding of how muscle function can vary with mechanical demand and anatomical 60 location, there is yet to be a quantitative approach capable of comparing the function of different 61 muscles and how function varies across locomotor demands. Addressing these limitations can assist in 62 tuning the design and control strategies of physiological-inspired robotics and assistive devices that can 63 mimic the diversity of human movement (Grimmer and Seyfarth, 2014) . A promising index-based 64 approach was introduced by Qiao and Jindrich (2016) that characterised joint function during 65 locomotion. Our study adapts this approach to define muscle-specific parameters and, based on 66 experimental data and computational simulations, applies the approach to characterise the functional 67 behaviours of the human lower-limb muscles during locomotion. Using simulations of walking and 68 running, we evaluated the approach by differentiating existing understanding of muscle function, 69 including (1) greater spring-like function during running compared with walking, (2) greater motor-like 70 function in the proximal limb muscles, and (3) greater strut-like function in distal muscle fibres 71 compared with the MTU. 72
Methodology 73

Experimental protocol 74
Experimental data were taken from ten participants (9 males, 1 female; 27 ± 5.6 y.o.; 1.81 ± 0.07 m; 75 80.2 ± 11.7 kg) who were part of a larger study (Lai et al., 2015) . Each participant gave their informed 76 consent and the relevant ethics committees approved the study (University of Queensland ethics #: 77 2012001215). Marker trajectories and ground reaction forces were extracted during walking and 78 running at steady-state speeds of 1.4 m s -1 and 4 m s -1 , respectively. 79 3D trajectories of 36 retro-reflective markers placed on the lower and upper limbs were tracked using 80 an 8-camera, motion analysis system (Qualisys, Gothenburg, Sweden) sampling at 250 Hz. Ground 81 reaction forces were collected using an instrumented treadmill (Tandem Treadmill, AMTI, Watertown, 82 MA) sampling at 1000 Hz. Marker trajectories and ground reaction forces were filtered using a 4 th order, 83 low-pass Butterworth filter, both with a cut-off frequency of 15 Hz. 84
Musculoskeletal model 85
The musculoskeletal model consisted of 14 segments and 23 degrees of freedom (Lai et other muscles were set at 4.9% strain at Fo m (Millard et al., 2013) . 93
Computational simulations 94
Musculoskeletal simulations were performed using OpenSim (v.3.3) (Delp et al., 2007) . The generic 95 musculoskeletal model was scaled to each participant's dimensions. Joint kinematics and net joint 96 torques were computed using inverse kinematics and inverse dynamics tools, respectively. A set of 97 smoothed, dynamically consistent kinematics were generated using a residual reduction algorithm 98 The functional behaviours of the MTU and muscle fibres were categorised by four dimensionless 109 indices: strut-, spring-, motor-and damper-like, which were calculated relative to each other, such thatthe cumulative percentage of all four indices was 100%. The functional index with the largest 111 percentage was considered to characterise the "primary" functional role of the MTU and muscle fibres. 112
Each index is described in detail elsewhere (Qiao and Jindrich, 2016) . Briefly, the strut index (Istrut) , 1990 ). Hence, we optimised the length factor to maximize the 121 spring index (see below) of each muscle's tendon relative to its slack length. The optimised length factor 122 was then used to calculate the strut index for the MTU and muscle fibres. 123
The spring index (Ispring) was calculated as follows, 124
where Wcom -is the negative work during the compression phase and Wgen + is the positive work during 126 the generation phase, Wtot -is total negative work, and Wtot + is total positive work during the entire gait 127 cycle. A high spring index results from the MTU or the muscle fibres absorbing substantial negative 128 work prior to generating substantial positive work, with net work done being low. 129
The motor index (Imotor) was calculated as follows, 130 
Data analysis 138
Data were collected for two gait cycles and were time normalised between consecutive foot strikes. The 139 right leg was chosen as the leg of interest for all participants. All data were used to calculate a group 140 mean ± SD values. MTU and muscle fibre mechanical power and work were normalised to body mass. 141
We selected a subset of lower-limb muscles in which to test the muscle-specific index approach that 142 included gluteus maximus (GMAX), gluteus medius (GMED), rectus femoris (RF), biceps femoris 143 
Results 156
The selected muscles generated the majority of total negative (68%) and positive (69%) MTU power 157 and work done by the lower-limb during walking and running ( Figs. 1 and 2) . Specifically, GMAX, 158 VL, MG, and SO generated substantial MTU and muscle fibre power during the stance phase of walking 159 and running; whereas, bi-articular RF and BF generated substantial negative and positive power during 160 the swing phase of walking and running. The functional indices of the selected muscles varied with 161 mechanical demand and anatomical location (Fig. 3) . First, the spring indices of the MTU and muscle 162 fibres averaged 7.2% higher during running compared with walking (p < 0.001). Second, the motor 163 indices for the MTU and muscle fibres of proximal muscles averaged 18.4% greater than those of distal 164 muscles across gait (p < 0.001). Last, the strut indices of SO, MG and LG muscle fibres averaged 32.1% 165 (p < 0.001) and 11.3% (p < 0.001) and 18.4% (p < 0.001) higher, respectively, than their MTUs across 166
gait. 167
Discussion 169
A muscle's function is commonly characterised by its mechanical force and work output. We show that 170 the functional index approach introduced here is capable of quantitatively characterising and 171 differentiating functional variations of several human lower-limb muscles across gait-related whole-172 body mechanical demands, their anatomical location within the limb, and between the MTU and its 173 muscle fibres. For example, our muscle-specific index approach demonstrated the shift to more spring-174 like muscle function associated with the mass-spring dynamics of running (Blickhan, 1989 ; McMahon 175 and Cheng, 1990) compared with the inverted-pendulum dynamics of walking (Cavagna et al., 1976) . 176
The index-based approach also identified greater motor-like function of proximal human limb muscles 177 compared with distal muscles during walking and running, consistent with prior suggestions that more 178 
muscles. 210
The muscle-specific functional index developed in this study provides a quantitative approach to 211 characterise the roles of the muscles across different locomotor conditions and was capable of 212 differentiating distinct functional behaviours of the MTU and muscle fibres with varying mechanical 213 demands and anatomical location. 214
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